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 We have previously reported that the fluidization of nanoparticle agglomerates can be enhanced 
by the addition of external force fields such as vibration, acoustic waves, centrifugal force, and 
magnetic particles. The criteria usually used to evaluate the enhancement in fluidization quality 
are the fluidized bed expansion, pressure drop, and visual appearance of the fluidized bed to 
determine the presence of bubbles, large heavy agglomerates and/or channeling and spouting.  
Here we introduce a different approach based on measuring the rate of absorption/desorption of 
moisture (humidification/drying) of hydrophilic fluidized nanopowders.  
 The fluidizing gas was humidified in a controlled manner, and the amount of moisture in 
the gas phase was measured before and after the fluidized bed by humidity sensors.  The 
experiments show that the amount of moisture adsorbed or desorbed by the bed of powder is 
larger when the fluidized bed was assisted by vibration or moving magnetic particles than when 
the bed was conventionally fluidized. In addition, the effect of high temperature gas on the 
fluidization of nanopowders was studied by using neon as a fluidizing gas at room temperature. It 
is shown that due to the increase in gas viscosity, the minimum bubbling velocity is increased, 




Nanoparticles and nanocomposites have become the focus of many research studies due to the 
unique properties of nanostructured materials that make them attractive to various industrial 
applications.  However, before processing of nanostructured materials in the dry state can take 
place, the nanosized particles have to be well dispersed.  Fluidization is one of the best 
techniques available to disperse and process powders, but fluidization of nanosized powders is 
expected to be difficult due to cohesive forces that become more prominent as the particle size 
decreases (1, 2). However, silica nanoparticles, for example, can be fluidized due to the formation 
of relatively large, 200-400 micron, very porous, hierarchical fractal agglomerates. These large 
“complex” fluidized agglomerates are composed of smaller sub-agglomerates or “simple” 
agglomerates, which are composed of even smaller primary agglomerates, which are made up of 
net-like structures of sintered chains of individual silica nanoparticles. Conventional fluidization of 
these nanoagglomerates has been reported by several research groups (3-5), and has been 
classified according to their fluidization behavior. When the fluidization is smooth, without 
bubbles, and a large bed expansion is observed, it is classified as Agglomerate Particulate 
Fluidization (APF). However, when fluidization occurs at very high minimum fluidization velocities, 
with bubbles and spouting, and the bed expansion is very limited, it is classified as Agglomerate 
Bubbling Fluidization (ABF). We have previously reported (6-9) that introducing an external force 
such as sound waves, rotation, vibration and/or moving magnetic particles under the influence of 
an oscillating magnetic field can significantly improve the fluidizability of cohesive nanopowders, 
reducing the minimum fluidization velocity, eliminating plug formation, channeling and spouting, 1
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and resulting in a smooth, homogeneous, virtually bubbleless fluidization with negligible 
elutriation.  
 The fluidization behavior of nano-agglomerates is usually evaluated based on the bed 
expansion, pressure drop and the visual appearance of the bed to determine the presence of 
bubbles, large agglomerates or clusters and/or channeling and spouting. Here we determine the 
quality of fluidization by studying the amount of moisture adsorbed/desorbed by the powder, with 
or without the presence of an external field to assist the fluidization The amount of moisture 
adsorbed/desorbed by the powder depends on the amount of powder exposed to the gas phase 
carrying the moisture, and therefore provides information on the degree of mixing in the fluidized 
bed. 
In addition to the humidification/drying studies, the effect of gas viscosity on fluidization is 
evaluated by using a fluidizing gas with a higher viscosity such as neon. It is well known that the 
viscosity of a gas increases with temperature and that many industrial processes involving 
fluidization occur at temperatures much higher than ambient resulting in an increase in viscosity 
in the fluidizing gas. The purpose of using neon is to reproduce fluidization at higher temperatures 





A weighed amount of dry fluidized nanopowder is humidified with a nitrogen gas stream that 
contains a constant amount of moisture. After the moisture in the powder has reached equilibrium 
with the moisture in the gas, i.e., the moisture at the top of the bed is equal to the moisture at the 
bottom, humidification is stopped, and dry gas is sent through the fluidized bed. The amount of 
moisture released by the bed of powder is monitored by measuring the moisture content of the 
gas stream leaving the fluidized bed as a function of time. Based on the procedure described 




















Figure 1. Schematic of the experimental 
apparatus for evaluating the drying process 
in a fluidized bed of nanopowder. (1)Gas 
cylinder with pressurized N2; (2) valve; (3) 
mass flowmeter; (4) humidifier; (5) vibrating 
device; (6) fluidized bed column; (7) 
pressure drop display; (8) data acquisition 
system for humidity sensors; (9) 
electromagnetic coils; (10) control unit for 
the vibrator; (11) voltage regulator for the 
electromagnetic coils. 
The fluidization column diameters were 3 inches for the vibrated bed and 2.5 inches for 
the magnetically assisted bed. The height of the columns was 5 feet. A sintered metal plate with 
pore size of about 100 µm and thickness of 2 mm was used as the gas distributor in each 
column.  Taps were drilled in the columns for the humidity sensors and differential pressure 
transmitters. A flow of dry nitrogen gas, supplied by a pressurized gas cylinder, was adjusted by a 
needle valve and measured by a mass flowmeter. The flow of nitrogen gas could be directed 
towards the humidifier or directly to the fluidized bed depending on the stage of the experiment. 
This could be done by a switching valve that bypassed the humidifier.  Humidification of the gas 
was achieved by bubbling the dry gas through water in the humidifier. 
An oscillating magnetic field was generated by two electromagnetic coils that surrounded 
the column right above the distributor (as seen in Figure 1). The oscillating magnetic field excites 
3 mm in diameter barium ferrite magnetic particles placed on the distributor causing them to 
translate and rotate. However, the magnetic particles do not fluidize along with the powder and 
tend to remain at the bottom of the bed.  The intensity of the magnetic field was controlled by 2
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adjusting the voltage of the power supply to the electromagnetic coils and its value oscillated 
between 150 and 300 Gauss. For vertically vibrated assisted fluidization a Ling Dynamic system 
was used; the intensity of the vibration was adjusted to about 3 to 5 times normal gravity (g), and 
the frequency of the oscillation was of the order of 60 to 100 Hz. More details on the setup 
corresponding to the magnetic assistance and the vibration can be found in (6, 9). 
Two different kinds of nanopowders supplied by Degussa were used in the experiments: 
Aerosil® 200, that can be readily fluidized as agglomerates and shows APF behavior and Aerosil® 
90, which is difficult to fluidize homogeneously (ABF behavior) and contains a large fraction of 
large agglomerates (over 1 mm diameter). Both powders are hydrophilic, and in some 
experiments, the powders were sieved before placing them into the fluidization column using 
sieve orifice sizes of 500 µm and 700 µm. 
For the high viscosity gas experiments, the fluidization column was 2 inches in diameter 
and 5 feet high. The distributor is a sintered stainless steel plate 2 mm thick having a pore size of 
20 µm.  A cloth filter is located at the top of the column to prevent any elutriated powder from 
leaving the column. It is important to note that in these experiments no moisture was added to the 
fluidizing gas. Two types of nanopowders supplied by Degussa, which show contrasting fluidizing 
behavior, were tested.  Aerosil® R974 is a hydrophobic silica exhibiting agglomerate particulate 
fluidization (APF) behavior, has a bulk density of 33 kg/m3, a material density of 2250 kg/m3, and 
a primary particle size of 12 nm.  Aeroxide® TiO2 P25 is hydrophilic, has a bulk density of 128 
kg/m3, a material density of 4500 kg/m3, a primary particle size of 21 nm and exhibits 
agglomerate bubbling fluidization (ABF) behavior  Prior to charging the powder into the column, 
the nanopowders were sieved by using a 40-mesh sieve opening (about 425 µm). Data regarding 
the flow of the fluidizing gas, fluidization quality, bubbling, bed pressure drop and bed height were 
collected for both nanopowders, but only the results for Aerosil® R974 are presented below. 
 
RESULTS AND DISCUSSION 
 
The humidity sensors at the bottom and the top of the fluidization column provided data on the 
temperature, relative humidity and dew point of the gas at least every 2 seconds, a time interval 
that could be adjusted. The dew point data are used to obtain the absolute humidity in the gas 
entering and leaving the fluidized bed as a function of time by calculating the partial pressure of 
water in the gas. The time-dependent moisture data from the sensor at the top of the bed was 
used for finding the total amount of moisture adsorbed by the bed of powder. Figure 2 shows the 
absolute humidity data collected from the sensor at the bottom in red and the sensor at the top in 
blue during a long term experimental run. Clearly, two regions can be identified. The 
humidification of the powder occurs when a certain amount of moisture is detected by the sensor 
at the bottom (red line) and the drying occurs when the sensor at the bottom (red line) shows zero 
moisture. Also, it can be seen that the powder gets saturated with moisture after about 3000 
seconds. This occurs when the moisture from the sensor at the top equals the moisture of the 

































Figure 2 (left). Plot showing the absolute humidity levels in the gas phase from the sensor at the 
bottom (red line) and the sensor at the top (blue line) with respect to time. 
Figure 3 (right). Estimation of the amount water adsorbed by the powder using data collected 
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The drying region is of particular interest since it gives information on the amount of 
moisture adsorbed by the powder. Since the absolute humidity is given as a function of time, by 
integrating with respect to time, the total amount of moisture adsorbed by the powder can be 
found (as shown in Figure 3). Moreover, this quantity can be used to compare the amount of 
moisture adsorbed by the powder when fluidized conventionally or with assisting methods. 
When the fluidized powder is humidified during a period of time long enough so that it 
gets saturated at a certain temperature, i.e., moisture from the sensor at the top is equal to 
moisture from the sensor at the bottom, the amount of moisture adsorbed by the powder is in 
equilibrium with the moisture in the gas phase. This amount of moisture adsorbed at equilibrium 
follows the adsorption isotherm of the powder at the temperature of the experiment. Therefore, 
the adsorption isotherm of the powder can be found by measuring the total amount of moisture 
adsorbed by the powder after being humidified (at a constant temperature) at different 
concentrations of moisture in nitrogen, or at different partial pressures of water. Adsorption 
isotherms at room temperature were found for both powders, Aerosil® 200 and Aerosil® 90, as 
shown in Figure 4.  While most of the experiments were run at a gas velocity of 1.54 cm/s, one 
experimental run in each case was done at a higher gas velocity (1.74 cm/s) to verify that the 
isotherm is not dependent on the gas velocity. In order to validate the adsorption isotherm data 
obtained by monitoring the moisture in the gas phase, the adsorption isotherms were also 
obtained using a gravimetric method. Data collected using the gravimetric method is shown in 
Figure 5 for Aerosil® 200 and Aerosil® 90. Although not exactly the same (because the 
gravimetric method only uses a sample of powder that is fully fluidized), the isotherms obtained 













Figure 4 (left).  Experimental data collected and linear regression for the adsorption isotherm of 
Aerosil® 200 and Aerosil® 90 found by monitoring moisture in the gas phase. 
Figure 5 (right). Adsorption isotherms at room temperature found by the gravimetric method for 
Aerosil® 200 and Aerosil® 90. 
 
Short Time Humidification Experiments  
 
The effects of assistance in the fluidized bed can be readily seen (even in short time experiments) 
because the dynamics of the powder, i.e., movement and mixing of the powder with the gas 
phase in a conventional fluidized bed is poorer than in an assisted fluidized bed.  An example of 
the results obtained in the short-time experiments is given for Aerosil® 200 when the partial 
pressure was about 57 mbar measured by the sensor at the top, with a gas velocity of 1.5 cm/s 
and a temperature of about 128° F. It is important to note that the gas velocity corresponds to the 
minimum fluidization velocity (Umf) of a vibrated fluidized bed of powder which is lower than the 
Umf of a conventionally fluidized bed.  The effect of vibration on the fluidized bed is shown 
qualitatively in Figure 6.  This figure shows that during humidification (high moisture at the 
bottom), the sensor at the top of the bed picks up a delay, which is shorter when fluidizing without 
assistance, indicating gas bypassing in the bed. The delay is longer for vibration assisted 
fluidization, indicating that there is less gas bypassing in the fluidized bed and hence better 
mixing. Another characteristic shown in Figure 6 is that by assuming that the drying process 
starts at the inflection point of the drying data (light and dark blue lines), the total moisture 
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the cumulative moisture released by the powder with respect to time based on drying data from 
Figure 6. As seen in Figure 7, the fluidized bed of powder retains more moisture and releases it 
quicker when vibration is applied, a clear indication of the enhancement of the dynamics of the 
fluidized bed by the assisting method.  
 
Long Time Humidification Experiments   
 
One of the major objectives of these experiments was to compare the drying rates of powder 
while fluidized in a conventional or an assisted fluidized bed; therefore, the powder has to be 
equally humidified in all the runs. To satisfy this requirement, the powder was humidified until 
saturation, and thus longer humidification times were required.  Figure 8 shows a comparison of 
the cumulative moisture data obtained during drying of Aerosil® 200; it can be seen that when the 
powder was vibrated during fluidization it adsorbs more moisture and releases it faster than when 
using conventional fluidization. However, when magnetic assistance is applied, the powder also 
dries faster than under conventional fluidization, but does not release as much moisture, Since 
the magnetic assistance acts only at the bottom of the fluidized bed, any powder that attaches to 
the wall of the column will not participate in the fluidization process, thus reducing the total 
































Upstream bed, not vibrated
Downstream bed, not vibrated
 
Figure 6 (left). Data from two short time experiments for assessing the impact of vibration. 40 
grams of Aerosil® 200 were humidified for about 5 minutes.  
Figure 7 (right).  Comparison of the amount of moisture released by the powder with respect to 































































A90 (70 F, 11.1 mbar, Magnetic Assisted)
A90 (70 F, 11.1 mbar, Conventional) 
 
Figure 8 (left).  Effect of vibration and magnetic assistance on fluidization during drying process of 
Aerosil® 200 (not sieved).  
Figure 9 (right). Cumulative moisture released from powder as function of time, comparing 
magnetic assisted and conventional fluidization during drying of Aerosil® 90 (not sieved).  
Mass of powder 40 grams, gas velocity, 1.5 cm/s, humidification time, 90 minutes,  
 




























128°F, 57 mbar, Vibrated
129°F, 58 mbar, Non Vibrated
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column.  In addition, a smooth fluidization is obtained when Aerosil® A200 is fluidized with 
vibration assistance regardless of whether the powder has been sieved or not. On the contrary, 
during conventional fluidization, channeling and bubbling occur, increasing elutriation of particles 
and forming  some motionless regions of powder that reduce the effective mass of the fluidized 
powder in the bed and therefore the amount of moisture adsorbed.  
Aerosil® 90 contains a much larger fraction of large agglomerates (>700 µm) than 
Aerosil® 200.   It is believed that these large agglomerates do not allow for a good distribution of 
the gas in the bed causing channels and bubbles.  When vibration is applied during fluidization of 
Aerosil® 90 without sieving (powder taken directly from the container), there is very little 
difference in the rate of drying as compared to conventional fluidization without vibration. One 
possible explanation for this observation is that the vibration intensity applied is not strong 
enough to break down the large agglomerates present in Aerosil® 90. When visually inspected, 
the fluidized bed is made of two sections, a packed bed of large agglomerates at the bottom and 
a spouting fluidized bed of smaller agglomerates over the packed bed. The large fraction of large 
agglomerates reduces the effective amount of powder that participates in fluidization and the bed 
of powder adsorbs less moisture than expected, apparently due to the poor mixing. 
Non-sieved Aerosil® 90 was also fluidized using magnetic assistance and the rate of 
drying of the powder was compared to conventional fluidization as shown in Figure 9.  When 
magnetic assistance is used, the fluidized bed of powder adsorbs more moisture (about 20 %) 
than during conventional fluidization.  It is believed that the magnetic assistance breaks down the 
large agglomerates and improves the dynamics of the fluidized bed.  In addition, visual inspection 
of the powder after being fluidized with magnetic assistance shows a significant reduction of the 
fraction of large agglomerates, which can even disappear entirely depending on the length of time 
the magnetic assistance is applied. 
By making a number of reasonable assumptions, the concentration of moisture with 
respect to time in the gas at the exit of the fluidized bed can also be modeled and compared to 
the experimental data. It was assumed that a) the fluidization is homogeneous and bubbling does 
not occur; b) there is no concentration gradient within the agglomerate; c) the outer boundary of 
the agglomerate is in equilibrium with the surrounding gas phase and can be described by the 
adsorption isotherm; d) mixing in the fluidized bed is CSTR-like so that the concentration of 
moisture in the gas phase of the fluidized suspension is equal to the concentration of moisture 
exiting the fluidized bed, i.e., the concentration of moisture in the gas phase is independent of 
position in the fluidized bed. Based on these assumptions, a mass balance was applied to both 
phases, the agglomerates (solid phase) and the gas phase, and the two differential equations 
solved using Matlab. Figure 10 shows a comparison of the experimental data and the modeling 
results obtained in a vibrated assisted fluidized bed of Aerosil 200; more details of the modeling 
and the equations which were solved can be found in reference (10).   
 
Influence of Viscosity on Fluidization  
 
Similar fluidization characteristics were observed when both nitrogen and neon were used as the 
fluidizing gas when fluidizing hydrophobic Degussa Aerosil® R974 unassisted.  Prior to achieving 
a fluidized state, both gases caused the powder to lift as a plug, which then led to the breakup of 
the plug into a dispersed powder.  Before the powder begins to fluidize, channeling occurred for 
both nitrogen and neon fluidization.  However as seen in Figure 11, Aerosil® R974 begins to 
fluidize at a slightly lower velocity with neon (Umf = 0.34 cm/s) than with nitrogen (Umf = 0.41 
cm/s), assuming fluidization occurs at the discontinuous jump in the pressure drop.  It is also 
observed that over time, the pressure drop of the bed begins to decrease more with neon than 
with nitrogen.  It is believed that this occurs because the more viscous neon tends to lift fine 
agglomerates from the bed’s surface. As seen in Figure 11, the non-dimensional pressure drop 
(normalized with the weight of the bed per unit area) is close to unity for fluidization with nitrogen 
and stays relatively constant as the velocity is increased, but decreases below unity for 
fluidization with neon, indicating a loss of bed particles. 
  From Figure 11, it can be seen that a maximum bed height ratio of 4.7 could be 
obtained prior to any observable elutriation when using nitrogen.  For neon, the bed surface could 
reach 5.6 times its original bed height at similar gas velocities, indicating an even better 6




Using the method proposed by Valverde et al. (11) and applied to nanoagglomerates by 
Nam et al. [6] and Valverde and Castellanos (12), the size of the agglomerates, number of 
particles per agglomerate, and fractal dimension can be calculated.  For a Richardson-Zaki (R-Z) 
index of 5.6 (13), the size of the fluidized complex agglomerates was calculated to be 309 µm 
and 373 µm, when fluidized with nitrogen and neon, respectively. We have previously made in 
situ measurements of nanoagglomerate sizes in a fluidized bed of a variety of different 
nanoparticles, using an optical system to image the agglomerates on the surface of the fluidized 
bed [4, 9]. For sieved Aerosil® R974 (particles below 500 µm) fluidized with nitrogen without 
assistance, the mean agglomerate size was found to be around 180 µm. This smaller value for 
the average agglomerate size may be due to the stratification of the fluidized bed and/or the fact 
that the agglomerate images are taken from the surface of the bed, which may not be 
representative of the agglomerate size distribution throughout the entire fluidized bed. 
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Figure 10.  (left) Comparison of the experimental data and modeling results of the drying of a 
vibrated assisted fluidized bed of Aerosil 200. 
Figure 11.  (right) Pressure Drop and Reduced Bed Height vs. Superficial Gas Velocity for 
Aerosil® R974  
 
When Aerosil® R974 was fluidized with nitrogen at high velocities, we observed that 
some bubbling occurred prior to elutriation.  No bubbling was observed when neon was used; 
rather, the bed transits from a state of homogeneous fluidization to a turbulent regime in which 
fine particles are lifted from the surface of the bed and elutriated. This result is in good agreement 
with theory developed by Valverde et al (14) based on predicting the maximum bubble size for 
fluidized complex nanoagglomerates    
 
CONCLUSIONS   
 
Based on the fluidization behavior observed, and the results of monitoring the moisture in the gas 
phase during drying, fluidization of both APF and ABF fumed silica nanoparticles is clearly 
enhanced by applying external force field assistance.  The quantification of moisture in the 
powders was done by monitoring the moisture in the gas phase to obtain adsorption isotherm 
data.  Data were obtained for Aerosil® 200 and Aerosil® 90 showing that the former adsorbs more 
moisture than the later; results corroborated from the adsorption isotherms obtained by using the 
gravimetric method.   
For Aerosil® 200, the presence of large agglomerates does not affect the amount of 
moisture retained by the fluidized bed since they are found in small amounts. However, for 
Aerosil® 90, large agglomerates constitute a significant fraction of the powder and they affect the 
adsorption of moisture due to the poor mixing between the solid and gas phases, hindering the 
overall absorption of moisture by the bed of powder.  The enhancement of fluidization due to the 
assisting methods is reflected by the increase of moisture retained by the overall fluidized bed of 
powder during humidification and by the reduction in the time needed for the bed of powder to 
release the moisture trapped as shown by the drying curves obtained by monitoring the moisture 7
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in the gas phase.  
High temperature conditions required for many industrial processes result in an increase 
in the viscosity of the fluidizing gases. The effect of a higher gas viscosity on the fluidization of 
agglomerates of nanoparticles has been studied at room temperature by comparing fluidization 
with nitrogen and higher viscosity neon. An increase in the viscosity of the fluidizing gas leads to 
a better, more homogeneous fluidization as shown by the larger bed expansion observed for an 
APF type powder such as Aerosil® R974, and a more stable behavior at high gas velocities. The 
appearance of large, unstable, macro-scale bubbles has been curtailed when neon is used for 
fluidizing APF (silica). The experimental observations, when fluidizing nanoagglomerates with 
neon as compared to nitrogen, also agree qualitatively with theory to predict whether a bubble will 
grow or not, and with experiments performed using the different viscosity gases to fluidize fine 
Geldart group C micron sized particles (14, 15).  
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